Blends of 30-phr silica filled elastomeric chlorinated polyethylene (CPE) and natural rubber (NR) at the blend composition ratio of 80/20 CPE/NR were prepared with various mixing time from 120 to 600 s. Viscoelastic behaviours of cured and uncured blends were determined using two rheometers with different shear modes, i.e., the oscillatory rheometer (Rubber Process Analyser, RPA2000) and the rate-controlled capillary rheometer (Goettfert Rheotester 2000). Results obtained reveal that the viscoelastic behaviour of blends is influenced by the formation of silica transient network, particularly in cured blends. Mixing time affects viscoelastic properties of vulcanised blends to some extent which is due probably to the high extent of thermal degradation, but plays no significant role in viscoelastic properties of unvulcanised blends. The superimposition of oscillatory and steady shear results is possible when the elastic component is eliminated from the results.
INTRODUCTION
Rheological behaviour of polymers is one of important factors affecting processability and properties of final products. It has been reported that flow behaviour of polymer melts depends strongly on polymer nature [1 -7] , flow geometry [8] [9] [10] , and processing conditions [1 -3, 11] , such as temperature, shear rate or frequency and compounding ingredients including reinforcing filler [12 -13] .
Chlorinated polyethylene (CPE) is widely known for its high oil and weathering resistances which are attributed mainly to the saturated structure and the presence of chlorine atoms on the molecular backbone. According to the published work, CPE has been blended with various polymers including polyvinyl chloride (PVC) [14 -17] , styrene-acrylonitrile (SAN) [18, 19] and polyurethane (PU) [20, 21] in order to achieve desired properties. Compared to natural rubber (NR), CPE is more expensive and therefore blending CPE with NR is applicable for reducing a production cost of final products requiring CPE properties. Referred to our previous work [22 -24] , it has been reported that a certain amount of CPE could be substituted by NR, giving similar tensile properties to neat CPE, depending on curing systems used for vulcanising NR phase in blends. In addition, in terms of rheological properties, there are numerous published work reporting a usefulness of rheology as a tool for characterising polymer bends [12, 13, 25, 26] . It has been found that without vulcanisation of NR phase in CPE/NR blends, elastic modulus of the blends depends strongly on test frequency, due mainly to the viscous response. By contrast, after curing of NR phase in blends, the blends with NR as a matrix demonstrate dominantly the time-independent elastic modulus while those with CPE as a matrix still reveal the time-dependent elastic modulus to some extent depending on NR composition ratio [12] . Recently, a clear evidence of reinforcing effect provided by precipitated silica in CPE/NR blends has been reported which is explained by a strong interaction between chlorine atoms of CPE and silanol functional groups of silica associated with the formation of silica transient network [13, 26] . Therefore, the present work aims to extend the previous investigation [12, 13] by focusing on the rheological properties of CPE/NR blends with various mixing time. Also, the influence of curing the NR phase in blends on viscoelasticity will be discussed.
EXPERIMENTAL

MATERIALS AND MIXING PROCEDURE
Details of materials used and blend formulation are shown in Table 1 . Initially, the premix of NR and antioxidant (6-PPD) was prepared using a laboratory-size internal mixer equipped with Banbury rotors (Brabender Plasticorder, Germany) at mixing temperature of 55˚C. In the blending stage, a 2-stage mixing technique in the Brabender internal mixer with set temperature, rotor speed and fill factor of 140˚C, 30 rpm and 0.7, respectively, was utilised in order to prevent premature vulcanisation or the so-called compound scorching. In the first stage, CPE and NR along with precipitated silica were mixed together with various mixing time of 120, 180, 300 and 600 s, and then discharged and sheeted on cooled 2-roll mill. In the second stage, the curing agents were mixed with the silica-filled compounds prepared from the first stage for 2 minutes and, finally, dumped from the mixer. Detail of mixing sequence is illustrated in Table 2 . 
MEASUREMENT OF RHEOLOGICAL PROPERTIES
Viscoelastic properties of blends were measured using the Rubber Process Analyser (RPA2000, Alpha Technologies, USA) and a rate-controlled capillary rheometer (Goettfert Rheotester 2000, Germany) at the test temperature of 170˚C. In the case of RPA2000, the linear viscoelastic (LVE) region of the blends was initially determined at the test frequencies of 1 and 100 rad/s. Thereafter, the frequency sweep test was performed using the strain within the LVE region. For the rate-controlled capillary rheometer, an apparent shear viscosity, h a , as a function of apparent shear rate, g · a , was determined using three dies with a similar die diameter of 2 mm, but different lengths of 10, 20, and 30 mm. In order to eliminate end effect and to compensate the flow pattern of non-Newtonian melt, the Bagley and the Rabinowitsch corrections were applied to the apparent data, yielding true shear viscosity and corrected shear rate, respectively [2] .
RESULTS AND DISCUSSION
VISCOELASTIC PROPERTIES OF VULCANISED BLENDS
Strain sweep test
It is known that the strain sweep test gives some interesting information on strain-dependent properties including the linear viscoelasticity, and the presence of filler transient network. Notably, it is important to ensure that the strain-and frequency sweep results are not attributed mainly to thermal degradation and/or chemical reaction taking place as the tests are performed. As a result, a time-sweep test is first performed, and the results obtained are illustrated in Fig. 1 . It is clear that there is no significant change in storage modulus, G', of the blends with both short and long mixing times (i.e., 120 and 600 s) as well as the blends with 120 s mixing time. In the case of cured blends, a slight increase in G' is observed which is probably caused by thermal degradation of CPE matrix via molecular crosslinking. However, compared to results with strain-and frequency sweep tests discussed in the present work, such increase in G' is relatively small, and could be disregarded.
Thus, the strain sweep test was carried out, and the results of G' as a function of strain deformation are illustrated in Fig. 2 . It can be seen that all vulcanised blends possess similar G' with the sharp drop in G' at high strain, which is usually known as the Payne effect. There are many proposed explanation of this decrease in G' at high strain such as molecular slippage and the deformation of droplet in suspension. In the case of filled elastomers, it is believed that the disruption of filler transient network is responsible for the decrease in modulus as reported previously [13, 26, 27] . In this work, the strong interaction between silanol groups on silica surfaces and chlorine atoms of CPE could additionally promote the formation of filler transient network [28] . Also, it appears, that at low deformation strain, there are only a small discrepancy in G' implying that change in mixing time does not affect significantly the formation of filler transient network in blends. It has initially been anticipated that the blends with shorter mixing time (i.e., with poorer silica dispersion) would give greater degree of silica transient network formation. Thus, the possible explanation of an insignificant dependence of G' on mixing time is that the strong interaction between CPE and silica might dominantly control the formation of silica transient network over the degree of silica dispersion.
In addition, the strain sweep test is further carried out at low (1 rad/s) and high (100 rad/s) frequency in order to determine the LVE region, which will subsequently be used in the frequency sweep test, and the results are given in Fig. 3 . It can be seen that the LVE region applicable for both frequencies is observed in the strain range of 0.3 -10 %. As a result, 5 % strain is selected to be used in the subsequent frequency sweep test. 
Frequency sweep test
In order to investigate the dependence of viscoelastic behaviour on frequency, the frequency sweep test was performed, and the results obtained are shown in Figs. 4 and 5. It is evident that all blends show strong frequency-dependent G' due to the response of uncured CPE matrix [12, 13] . The increase in G' with increasing frequency is attributed to the shortening in time available for molecular relaxation at high frequency. Besides, at a given frequency, G' of blends at mixing times of 120 and 600 s shows the highest and lowest values, respectively, which is believed to be the result of thermal degradation in NR phase of the blend with mixing time of 600 s. Since the viscosity of blends with 30-phr silica loading is high, the great extent of shear heating is resulted, especially in the blend with long mixing time of 600 s [24] . Hence, an occurrence of thermal degradation in NR phase would lead to a reduction in molecular weight and thus the elastic modulus. One might think that the relatively high G' found in the blends with short mixing time of 120 s might be due also to a hydrodynamic effect, i.e., the shorter the mixing time, the greater the immobilised rubber acting as parts of underformable filler [29 -30] . This would, in theory, lead to a rise in an effective filler volume fraction, and thus an increase in G'. However, our previous work [13] reveals that the presence of high effective filler volume fraction leads to a formation of pseudo-crosslink via the silica transient network giving the frequency-independent G', which is not the case in this work. Consequently, the influence of effective filler volume fraction on G' of blends could be disregarded in this work.
Similar result trends are observed in the case of loss modulus, G'', as shown in Fig. 5 . G'' appears to increase with increasing frequency for all compounds because a large amount of energy is required for generating free volume at high frequency. Apparently, G'' decreases with increasing mixing time, which could be explained by the smaller extent of molecular restriction via the thermal degradation as discussed previously. Additionally, if values of G' and G'' are compared at a given frequency, it is obvious that G' is much greater than G'', implying a dominantly elastic component in all blends. The strong elastic response is undoubtedly caused by the high molecular entanglement of CPE matrix associated with the formation of silica transient network.
Complex viscosity, h*, of blends is illustrated in Fig. 6 . The pseudoplastic behaviour (i.e. a decrease in h* with increasing frequency) is observed in all cases, which is a common response of most polymer melts. Also, h* decreases slightly with increasing mixing time, which agrees very well with the results of G' and G'' (see Figs. 4 and 5) . In other words, the processability of these blends is controlled dominantly by the elastic rather than viscous responses. Strain (%) 
VISCOELASTIC PROPERTIES OF UNVULCANISED BLENDS
Since the results presented in the section 3.1 reveal a role of mixing time in viscoelastic properties via the formation of silica transient network, it is logical to further consider whether such role is influenced by chemical crosslink via sulphidic linkages. As a consequence, in this section, the blends without curing agents were prepared, and their viscoelastic properties were determined. By this means, the effect of chemical crosslinks on viscoelastic behaviour could be neglected.
Strain sweep test
The effect of strain deformation on G' of uncured CPE/NR blends is demonstrated in Fig. 7 . Similar to the cured blends, at a given strain, all uncured blends show no significant difference in G' with a strong Payne effect. Alternatively, the mixing time does not play a strong role in the formation of silica transient network whereas the strong interaction between chlorine atoms and silanol groups is responsible for the Payne effect as discussed previously in the section of cured blends. Fig. 8 reveals that the strain in LVE region for both low and high frequencies is up to 1 %, and therefore, the 1 % strain is selected for the frequency sweep test. Evidently, the LVE region of uncured blends is narrower than that of cured blends (see also Fig. 2 ) that means the transient network of silica is weaker for the uncured blends.
Frequency sweep test
Influence of mixing time on G' as a function of frequency of uncured blends is presented in Fig. 9 . Apparently, G' of all uncured blends increases with increasing frequency due to the insufficient time available for molecular relaxation. Also, at a given frequency, there are only slight discrepancies in G' of blends with various mixing time, unlike the G' results of cured blends. The proposed explanation is that there is no curing stage in uncured blends, and therefore the thermal history inducing thermal degradation is much lower than that in cured blends. Furthermore, compared to the vulcanised blends (see Fig. 4 ), the uncured blends yield lower G', which is due to the larger amount of viscous component via the absence of sulphur vulcanisation of NR phase in blends, leading to the lack of the molecular network.
In the case of the loss modulus, G'', as illustrated in Fig. 9 , G' of all compounds is clearly markedly higher than G'' at a given frequency, A crossover point of G' and G'' appears to be far lower than 1 rad/s, suggesting that the spring or elastic responses are prominent in these uncured blends, regardless the mixing time, which is due mainly to the presence of silica transient network.
Regarding the processability, the results of complex viscosity is illustrated in Fig. 10 showing Strain (%) Elastic modulus (kPa). a pseudoplastic behaviour of all blends. At a given test frequency, complex viscosity, h*, of blends is independent of mixing time, suggesting that the change in mixing time does not affect the processability of these uncured blends.
From the overall oscillatory results of both cured and uncured blends, it can be summarised that the mixing time affects viscoelastic properties in cured blends to some extent mainly via the formation of silica transient network, but does not significantly influence those in uncured blends. The vulcanisation of NR phase in blends appears to promote the silica transient network effect on viscoelastic behaviour of blends.
Steady shear properties of uncured filled blends
Apart from the oscillatory flow, the steady shear flow of uncured blends has been determined with the use of rate-controlled capillary rheometer. The logarithmic plots of apparent shear viscosity, h a , as an indicator for processability against apparent shear rate, g · a , of uncured blends with various mixing time are illustrated in Fig. 11 . A pseudoplastic behaviour could be observed in all blends. Additionally, the h a of all uncured blends falls on the single correlation. In other words, the difference in mixing time does not give any significant difference in processability under steady shear flow.
By applying the Bagley correction to eliminate the elastic behaviour, the results are tabulated as shown in Table 3 . It is evident that the entrance or elastic pressure increases with increasing shear rate for all blends, which is due undoubtedly to the insufficient time for molecular relaxation at high shear rate. Besides, at a given shear rate, the elastic behaviour of the blends is similar, indicating the insensitivity of elastic pressure to mixing time, which is in a good agreement with the result of G', as illustrated earlier in Fig. 9 . Fig. 12 reveals the corrected results (i.e., h true as a function of g · cor ) of uncured blends with different mixing time and die geometry. Clearly, all blends exhibit a pseudoplastic behaviour similar to those before correction. In addition, at a given shear rate, the results of h true are slightly lower than those of g · cor (see also Fig. 11 ). The explanation is based on the elimination of elastic effect during steady shear flow. As mentioned previously, the formation of silica transient network gives a strong elastic response which could be excluded by the application of Bagley correction.
Moreover, it is known that an elongational flow is important in many applications including fibre spinning and coating [31] . In the present work, the capillary results give some information on elongational flow via the use of entrance pressure [2] , as illustrated in Fig. 13 . It is evident that the elongational viscosity, h e , of blends decreases with increasing elongational rate, e · , indicating a tension thinning behaviour, which might probably be caused by the disruption of silica ) . The explanation is based on the fact that the strain imposed to the blends in the oscillatory flow with in the LVE region is much smaller than that in the capillary flow. Consequently, the presence of silica transient network would promote elastic response and thus the h*(w). Similar observation has been reported in CPE/NR blends with different blend ratio and silica loading [12, 13] .
To correlate the oscillatory to steady shear data more effectively, the dynamic viscosity, h', and true shear viscosity, h true , are plotted, as illustrated in Fig. 15 . Apparently, the discrepancy of steady and oscillatory shear results is markedly reduced, which suggests that the Cox-Merz concept is valid to some extent in filled systems when the elastic component is eliminated. The result is in good accordance with previous work reported elsewhere [13] .
CONCLUSIONS
From all obtained rheological results of 80/20 CPE/NR blends with various mixing time, the following conclusions could be drawn: The formation of silica transient network associated with the strong interaction between silanol group on silica surfaces and chlorine atoms of CPE plays role in viscoelastic properties of blends to some extent, especially in the case of cured blends. Mixing time significantly influences viscoelastic properties of vulcanised blends which is due probably to the high extent of thermal degradation, but does not affect significantly in uncured blends. The validity of a correlation between oscillatory and steady shear results via the CoxMerz concept is mainly controlled by the presence of silica transient network effect rather than the mixing time effect, and the superimposition of oscillatory and steady shear results is possible when the elastic component is eliminated from the apparent results. 
